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ABSTRACT
Primary ribosomal protein S4 is essential for 30S
ribosome biogenesis in eubacteria, because it
nucleates subunit assembly and helps coordinate
assembly with the synthesis of its rRNA and protein
components. S4 binds a five-helix junction (5WJ)
that bridges the 5’ and 3’ ends of the 16S
5’ domain. To delineate which nucleotides contrib-
ute to S4 recognition, sequential deletions of the
16S 5’ domain were tested in competitive S4-binding
assays based on electrophoretic mobility shifts.
S4 binds the minimal 5WJ RNA containing just the
five-helix junction as well or better than with affinity
comparable to or better than the 5’ domain or native
16S rRNA. Internal deletions and point mutations
demonstrated that helices 3, 4, 16 and residues at
the helix junctions are necessary for S4 binding,
while the conserved helix 18 pseudoknot is dispen-
sable. Hydroxyl radical footprinting and chemical
base modification showed that S4 makes the same
interactions with minimal rRNA substrates as with
the native 16S rRNA, but the minimal substrates are
more pre-organized for binding S4. Together, these
results suggest that favorable interactions with S4
offset the energetic penalty for folding the 16S rRNA.
INTRODUCTION
Ribosomal protein S4 plays a central role in the biogenesis
of the small ribosomal subunit. It regulates its own trans-
lation and that of other ribosomal proteins encoded by
the alpha-operon (1,2), by recognizing a pseudoknot
structure in the leader sequence (3–5). S4 also regulates
rRNA expression levels by acting as a general transcrip-
tion antiterminator, similar to NusA (6). Additionally,
S4 nucleates assembly of the 30S subunit along
with S7 (7). Thus, S4 helps balance the levels of rRNA,
ribosomal proteins and assembled ribosomes.
The role of many ribosomal proteins in assembly is to
stabilize the folded conformation of the rRNA (8).
Binding of S4 to the 16S rRNA is necessary for addition
of protein S16 and other proteins within the 50 and central
domains of the 30S ribosome (9), and S4 was one of two
proteins required for initiation of 30S assembly in in vitro
reconstitution experiments (7). Base modiﬁcation and
hydroxyl radical footprinting studies indicated that S4
induces structural changes in the 50 and 30 domains of
the 16S rRNA, that could lead to the further steps in
30S assembly (10,11).
The binding site for ribosomal protein S4 consists of the
ﬁve-way junction (5WJ) between helices (H) 3, 4, 16, 17
and 18, which ﬂank the 50 and 30 ends of the 16S 50 domain
(10,12,13) (Figure 1a and b). The stable C-terminal
domains of S4, which include a winged-helix motif (14),
directly contacts the center of the 5WJ in the rRNA (15).
Outside of a few base-speciﬁc contacts in the 5WJ, S4
predominantly interacts with the rRNA backbone.
The N-terminal region of free S4 is disordered, but
forms a structured loop and short a helix when bound
to 16S rRNA (16–19). The N-terminal region of S4 has
been implicated in tight, speciﬁc binding to the 16S rRNA
(Gerstner,R.B. and Draper,D.E., unpublished data). In
Thermus thermophilus, the N-terminal domain is further
stabilized by coordination of a Zn
2+ ion (18). Evidence
for co-folding of the S4N-terminal domain and the 16S
rRNA comes from speciﬁc changes in the chemical reac-
tivity of the bases in the 16S–S4 complex above 308C (11).
Given that the S4-binding site includes base-paired
nucleotides that are 530nt apart in the 16S sequence,
and that the 16S rRNA is not stably folded in the absence
of proteins (10), an unanswered question is which features
of the S4 binding site are most important for recognition,
and whether interactions in other parts of the 50 domain
contribute to the stability of the complex. Minimal rRNA
substrates have been previously identiﬁed for primary
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used the known contacts between the protein and RNA in
the 30S ribosome (15) to design minimal rRNA substrates
for S4.
Deletions and chemical probing of the 16S rRNA have
been previously used to deﬁne the binding site for S4.
Ungewickell and co-workers (24,25) identiﬁed discontinu-
ous fragments of the 50 domain that were able to bind S4.
Draper and co-workers (26,27) used nitrocellulose binding
assays to measure the aﬃnity of rRNA fragments for
Escherichia coli S4. The smallest continuous fragment
with high aﬃnity for S4at 08C contained nucleotides
39–500 of the 50 domain (26). Although small segments
could be deleted from this RNA without large eﬀects on
binding (27), removing the lower half of the domain
(nucleotides 53–359) reduced aﬃnity 5-fold (26). As
these residues do not contact S4 directly (11,15,28), the
reduced binding presumably arose from alterations in
the rRNA structure.
Here, we show that the helix 18 pseudoknot and helices
outside the 5WJ are dispensable for tight binding, while
speciﬁc base contacts at the centre of the 5WJ contribute
signiﬁcantly to the stability of the S4 complex. Precise
deletions of other helices in the junction also result in
almost total loss of speciﬁc binding. Hydroxyl radical
footprinting and dimethylsulfate (DMS) base modiﬁca-
tion of the rRNA alone or in the presence of S4 conﬁrm
that mutations compromising the stability of the complex
Figure 1. Escherichia coli 16S rRNA fragments tested for S4 binding. (a) 16S rRNA; (b)5 0domain; (c) RNA(iH6-14); (d) RNA(iH5-14); (e) 5WJ
RNA; (f) 5WJ_nt6; (g) 5WJ:BstH17; (h) 5WJ:TthH17; (i) 5WJiH3; (j) 5WJiH4; (k) 5WJ:H16trunc; (l) 5WJ:H17trunc; and (m) 5WJ:H18trunc.
Secondary structures of iH6-14 and 5WJ were conﬁrmed by RNase T1 digestion (Figures S1 and S2).
Nucleic Acids Research,2009, Vol.37, No. 6 1887also remove speciﬁc interactions within the S4 complex.
Thus, these studies delineate the factors required for spe-
ciﬁc S4 recognition more precisely and form the starting
point for further studies of the mechanism of S4–RNA
binding and 30S assembly initiation.
MATERIALS AND METHODS
RNA preparation
RNA containing the 50 domain of E. coli 16S rRNA (nt
21–562) was transcribed from plasmid pRNA1 with T7
RNA polymerase as previously described (29). Deletions
and mutations were made in the 50 domain RNA by stan-
dard PCR ampliﬁcation of pRNA1 (Table S1). 16S rRNA
was extracted from native 30S subunits as previously
described (30). Radiolabeled transcripts were transcribed
from 1mg EcoRI-linearized plasmid in 40ml reactions con-
taining 50mCi a-[
32P]-ATP (Perkin Elmer), for 30min at
378C. Transcripts were passed over spin columns (TE-100
or TE-400, Clontech). The RNA concentration was esti-
mated from the UV absorption of products from identical
reactions lacking a-[
32P]-ATP.
S4purification
Geobacillus (formerly Bacillus) stearothermophilus (Bst)
S4 was puriﬁed as described by (31), except that the ion-
exchange column used was UNO S1 (BioRad). Pooled S4
fractions were dialyzed into reconstitution buﬀer with 1M
KCl (32), and concentrated as described previously (31).
Puriﬁed S4 was stored at –808C in 10% glycerol. Protein
concentrations were measured from absorption at
280nm (e280=18 490M
–1cm
 1) (31). The ﬁnal prepara-
tion was  85% full length, as judged by SDS–PAGE, and
 30–50% active as judged by binding competition.
All assays using S4 were done in low-retention microcen-
trifuge tubes (Fisher Scientiﬁc).
Protein-binding assays
For equilibrium binding studies with Bst S4, 0.5nM
32P-
labeled 50 domain RNA was preincubated 10–20min at
428Ci n2 0 ml 80mM K-HEPES, 330mM KCl, 4mM
MgCl2 (HKM4) and 20ng/ml poly(dI–dC) (Sigma).
Poly(dI–dC) improved the resolution of S4 complexes
without detectably competing for S4 binding (up to
100ng/ml). Bst S4 (0–400nM) was added to the RNA
and incubated another 10–20min at 428C. A 5ml aliquot
was removed from each sample and mixed with 1mlo f
native gel loading dye (ﬁnal 10% glycerol, 0.25% xylene
cyanol). Of this mixture, 2–3ml was loaded on a native 1 
TBE 8% polyacrylamide gel. Gels were run at 12–15W for
5–6h at  108C. The counts in the bound and free species
were quantiﬁed using ImageQuant (Molecular Dynamics).
Counts above the free RNA in lanes with no protein were
deﬁned as background and subtracted from the bound
RNA in each lane. The fraction of bound RNA (fB) was
ﬁt to the Langmuir binding isotherm to obtain the equi-
librium dissociation binding constant (Kd). Nitrocellulose
ﬁlter binding assays were carried out with 50 domain RNA
and Bst S4 as previously described (31).
Competitive-binding assays
Competitive binding assays were carried out as above,
except that 0.5–1.6nM radiolabeled 50 domain RNA and
0–400nM of unlabeled 50 domain RNA were mixed and
preincubated 10–20min at 428C, before addition of 32–
50nM Bst S4. For other unlabeled competitor RNAs,
the concentration range was 0–1mM. The fraction of
labeled RNA bound to S4 (ƒB) was determined as
above, and ﬁt to Equation (1) as described previously
(23,33).
fB ¼
1
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Kd and KC are the dissociation constants of the labeled
RNA and unlabeled competitor, respectively, from which
Krel=KC/Kd. [R], [S4] and [C] are the concentrations of
labeled RNA, S4 protein and competitor RNA, respec-
tively. Competitive binding assays with 0–200ng/ml
poly(A), poly(U) and poly(dI–dC) (Sigma) were done as
described above, except that 20ng/ml poly(dI–dC) was
omitted from the reaction buﬀer.
The Kd of the 5WJ–S4 complex was determined by
direct titration of Bst S4 or by competition as described
above for the 50 domain RNA, except that samples were
loaded on a 6% TKM2 (30mM Tris, 100mM potassium
acetate, 2 MgCl2) gel. Competitive binding reactions
against the 5WJ RNA used 0.5–1nM
32P-labeled 5WJ
RNA and 22.5nM S4.
Dual-label binding assays
In a reaction volume of 20ml,
32P-labeled 50 domain and
32P-labeled minimal competitor RNA were preincubated
15–20min at 428C in HKM4. Unlabeled RNA was added
when necessary to ensure that both S4 complexes were
detectable. Bst S4 was added to the RNA mixture and
incubated another 15–20min at 428C. The ratio of total
RNA:S4 was varied from 1:1 to 5:1 (34). Loading dye
(5ml) was added to each reaction, and quickly mixed by
pipetting. From each reaction, one aliquot was loaded on
an 8% TBE gel to resolve the 50 domain RNA and the
other on a 6% TKM2 native gel to resolve the minimal
RNA complexes. Gels were run at 12–15W for 5–6h at
108C.
The fractions of bound and free 50 domain RNA were
obtained from TBE gels, while those of smaller competitor
RNA were obtained from the TKM2 gel. These fractions
were used to calculate Krel:
Krel ¼
Kc
Kd50 dom
¼
1   fC bound
fC bound
 
f50 dom bound
1   f50 dom bound
2
RNase T1protection
50-
32P-labeled RNA(H6-14), RNA(H5-14) and 5WJ
RNAs were incubated with 25mM K-HEPES (pH 7.5)
plus varying MgCl2 for 20min at 428C. In some
1888 Nucleic Acids Research, 2009, Vol. 37,No. 6experiments, 5WJ RNA or its variants were instead incu-
bated with 80mM K-HEPES (pH 7.5), 330mM KCl,
HKM4, HKM10 or HKM20. The RNA was treated
with RNase T1 as previously described (29).
Fe–EDTA hydroxyl radical footprinting
50 domain RNA (1–3 pmol) was incubated with buﬀer and
S4 as described above (14ml total volume). Bst S4 was
added in 2-fold molar excess over the RNA; Eco S4 was
added in 4-fold excess. After incubation at 428C, reactions
were kept in an ice/water bath for 10min before treatment
with Fe–EDTA reagents as previously described (29). 5WJ
RNA (0.75–2 pmol) was incubated under the same condi-
tions, and treated with 1ml 10mM Fe(II)-20mM EDTA
and 2ml each of 10mM sodium ascorbate and 0.3% H2O2
for 1min on ice. Reactions were quenched with 1ml 0.1M
thiourea. The RNA was analyzed by primer extension as
previously described (29). Primers annealed 30 of nt 547,
448 and 161.
Chemical basemodification
Base modiﬁcation reactions with dimethyl sulfate (DMS;
Sigma) or kethoxal (Research Organics) were carried out
as previously described (35), with the following changes.
50 domain, 5WJ RNA or 5WJ RNA variants (2 pmol) were
incubated with buﬀer and S4 as for Fe–EDTA reactions,
except that the total volume was 25ml. The 50 domain was
treated with 1ml of 1:4 DMS:95% ethanol for 10min on
ice or 3ml 111mg/ml kethoxal in 20% ethanol for 4h
at 48C. 5WJ RNA was treated with 1ml 1:3 DMS:95%
ethanol or 1ml 285mg/ml kethoxal for 4h at 48C.
RESULTS
Competitive-binding assays measurethe Kdof rRNA–S4
complexes
To deﬁne the minimal requirements for S4 RNA binding,
competitive binding experiments were used to compare the
aﬃnity of protein S4 for various fragments of the E. coli
16S rRNA. We used the Bst S4 protein for these studies,
because it is more stable than the E. coli (Eco) protein in
solution. The Bst protein has previously been shown to
speciﬁcally bind both Bst and E. coli 16S 50 domain
rRNAs at 428C with a dissociation constant of 0.7nM,
while forming nonspeciﬁc complexes with a binding con-
stant of 100nM (31). The E. coli rRNA was used for these
studies to take advantage of crystallographic and bio-
chemical information available for E. coli ribosomes.
32P-labeled E. coli 50 domain RNA (nts 21–562 of 16S
rRNA) was incubated with 0–400nM Bst S4at 428C, and
the S4–rRNA complex was detected by a native gel mobil-
ity shift (see ‘Materials and methods’ section). The appar-
ent binding constant from direct titrations was 20 4nM,
similar to the value obtained from nitrocellulose ﬁlter
binding assays (Kd=12 5nM; data not shown). When
unlabeled 50 domain RNA was added as a competitor,
the Kd for the 50 domain was determined to be
5.5 2.6nM (Figure 2). This is higher than the previously
reported value of 0.7nM for the speciﬁc complex, but
much lower than the Kd for nonspeciﬁc binding (31).
Kinetic dissociation experiments show that the electro-
phoretically retarded RNA likely contains a mixture of
high- and low-aﬃnity complexes that both contribute to
the measured Kd (Bellur,D.L. and Woodson,S.A., in pre-
paration). This may account for the discrepancy in Kd
values and the small deviation of the binding data in
Figure 2b from a two-state model. We consider the rela-
tive binding aﬃnities obtained by competition more reli-
able than the absolute Kd values obtained by direct
titration.
S4 bound the native 16S rRNA with similar aﬃnity as
the 50 domain in competition experiments, with a relative
dissociation constant Krel=1.6 (Figure 2). In contrast,
nonspeciﬁc substrates poly(A), poly(U) and poly(dI–dC)
did not compete against the labeled 50 domain RNA,
demonstrating that the complexes were sequence-speciﬁc
(data not shown). Consequently, the competitive gel-shift
assay could be used to compare S4 binding to diﬀerent
substrates.
Designing small target rRNAs
The S4-binding site in the 16S rRNA corresponds to hel-
ices H3, H4, H16–18 in the 50 domain (Figure 1) (10). To
test whether the rest of the 50 domain was therefore dis-
pensable for S4 binding, rRNA substrates missing helix 1
and helices in the lower half of the 50 domain were pre-
pared. RNA(H6-14) is missing H1 and H6-H14
(Figure 1c), RNA(H5-14) additionally lacked H5
Figure 2. Competitive binding of Bst S4 to the 16S 50 domain RNA.
(a) S4 binding measured by gel mobility shift. 0.5nM
32P-labeled and
0–400nM unlabeled 50domain RNAs were incubated with 31.5nM Bst
S4 in HKM4 buﬀer at 428C. Gel is 8% polyacrylamide in TBE. NP,
32P-50domain RNA only. (b) The fraction of complexed
32P-labeled
50domain RNA versus competitor RNA was ﬁt to Equation (1).
Filled circles, 50 domain (Kd, 50domain=5.5 2.6nM); ﬁlled squares,
16S rRNA (Krel=1.6 0.8).
Nucleic Acids Research,2009, Vol.37, No. 6 1889(Figure 1d), while 5WJ RNA contained just the ﬁve helices
that make up the immediate S4-binding site (H3, H4, H16,
H17 and H18; Figure 1e). To minimize disruptions to the
rRNA secondary structure, helices ﬂanking large deletions
were capped with stable tetraloops. The program Mfold
(36) was used to predict the lowest free-energy secondary
structure for each substrate, and only RNAs that were
predicted to form the correct secondary structure were
tested for S4 binding (Figure 1 and Supplementary
Table S1).
The secondary structures of the three RNA substrates
were probed experimentally by partial digestion with
RNase T1, which cleaves after single stranded guanosines.
The nuclease reactions were done under conditions similar
to our binding assays, at 428C in 25mM K-HEPES
(pH 7.5) and 0–20mM MgCl2 (data not shown). All
three RNAs formed their native secondary structures in
<4mM Mg
2+, the Mg
2+ concentration in our binding
reactions. As illustrated for RNA(H6-14) in Figure S1,
the RNase T1 cleavage patterns were consistent with the
secondary structure of the 16S rRNA, except for the ter-
tiary base pair G450-C483 in H17, and G521, which is
adjacent to the pseudoknot in H18. Thus, these rRNA
fragments were good candidates for binding protein S4.
Aminimal rRNA substrate forS4
The relative binding aﬃnities of the rRNA fragments for
Bst S4 were measured by competition with
32P-labeled
50 domain RNA as described above (Figure 1 and
Table 1). A relative free energy G<0 indicates the
competitor RNA binds protein S4 more weakly than
the 16S 50 domain (i.e. dissociation is more favorable).
Among the initial substrates tested, the diﬀerences in the
dissociation free energy were on the order of  0.5kcal/
mol, comparable to the precision of the assay (Table 1).
Remarkably, the smallest RNA containing just the ﬁve-
helix junction (‘5WJ’, Figure 1e) bound protein S4 about
2-fold better than the 50 domain (G=0.7 0.2kcal/
mol) and 3-fold better than the 16S rRNA. Therefore,
RNA interactions in the lower half of the 50 domain do
not contribute signiﬁcantly to the stability of S4 com-
plexes. A slightly diﬀerent deletion of H6-14 that elimi-
nated part of helix 5 reduced S4 aﬃnity 5-fold in previous
studies (26,27), most likely due to structural changes in
the RNA.
Direct measurement ofspecific binding by competition
To evaluate whether our results were strongly biased by
nonspeciﬁc binding of S4 (31), we also performed compet-
itive binding experiments where both RNAs were
32P-labeled (Figure 3a). The advantage of this method is
that the protein concentration is lower than the total RNA
concentration, minimizing contributions from nonspeciﬁc
interactions (34). To detect S4 binding to two labeled
RNA substrates, an aliquot of each binding reaction was
loaded on an 8% TBE gel to resolve the 50 domain com-
plexes, while another aliquot was loaded on a 6% TKM2
gel to resolve the smaller RNA complexes (Figure 3b). The
results of the dual-label competition experiments were in
good agreement with the competition assays done
with only labeled 50 domain and excess S4 (Table 1).
Figure 3. Dual-label competitive binding assay. (a) Scheme of the com-
petitive binding experiments with two labeled RNAs. Complexes of the
50 domain were separated on 8% polyacrylamide gels in TBE, while
complexes of the 5WJ variants were separated on 6% polyacrylamide
gels in TKM2, as described in ‘Material and Methods’ sections.
(b) Distribution of S4 between 50 domain and 5WJ RNAs. The
counts in each complex and in free RNA were quantiﬁed and used
to calculate Krel [Equation (2)]. For the 5WJ RNA, average
Krel=0.6 0.1. The amount of labeled 5WJ complex decreases as unla-
beled 5WJ RNA is added because its speciﬁc activity decreases. See
Table 1 for further data.
Table 1. Relative dissociation constants and free energies for S4 bind-
ing measured by competition against 50 domain RNA
Competition Dual-label
RNA
a Krel G (kcal/mol) Krel G (kcal/mol)
16S rRNA 1.6 0.8 –0.3 0.4 N.D.
b
RNA(H6-14) 1.1 0.4 –0.1 0.2 0.5 0.1 0.5 0.1
RNA(H5-14) 2.3 0.2
c –0.5 0.1
c 0.8 0.3 0.2 0.3
5WJ_nt6 0.8 0.6 0.1 ( 0.4, +0.9) 0.4 0.1
c 0.6 0.1
c
5WJ 0.4 0.1 0.7 0.2 0.6 0.1 0.5 0.2
5WJ:H18trunc N.D.
d 0.9 0.1 0.1 0.1
5WJ:BstH17 N.D.
d 0.8 0.4 0.2 (–0.3,+0.5)
5WJ:TthH17 N.D.
d 5.8 1.8 –1.1 0.2
5WJ:C526A N.D.
d 0.5 0.2 0.4 0.3
aBinding aﬃnity of S4 for competitor RNA was measured relative to
32P-labeled 50domain RNA at 428C in HKM4 buﬀer, as described in
‘Materials and methods’ section. Data were ﬁt to Equation (1)
(‘Competition’) or Equation (2) (‘Dual-label’). Krel=Kd Competitor/Kd
50domain, where Kd5 0domain=5.5 2.6nM, with free energies calcu-
lated from G=–RTlnKrel at 315.15K. The relative aﬃnities and
dissociation free energy values were averaged over three or more
experiments for ‘Competition’, and from three to seven reactions for
‘Dual-label’ competitions, unless stated otherwise.
b16S rRNA and 16S–S4 complexes were poorly resolved.
cValues reported from two experiments.
dThese RNAs were tested against 50 domain RNA only through dual-
label competition.
1890 Nucleic Acids Research, 2009, Vol. 37,No. 6Thus, we concluded that both sets of competition experi-
ments were likely reporting the relative stabilities of spe-
ciﬁc S4 complexes.
The speciﬁcity of the complexes was further tested by
exchanging the Eco H17 sequence in the 5WJ RNA for
H17 from Bst (Figure 1g) or T. thermophilus (Tth)
(Figure 1h). Of the helices that contact S4 directly, H17
varies most in length and sequence among bacterial
rRNAs (37). While the sequences of the Eco and Bst
5WJ are 77% identical, H17 shares 42% sequence identity.
Not surprisingly, the Bst H17 substitution was more
favourable for binding of Bst S4 protein (Krel=0.78)
than the Tth H17 substitution (Krel=5.8). Therefore,
the sequence of H17 is important for S4 recognition.
S4binds minimal 5WJ RNA very tightly
Further competitive binding experiments against the 5WJ
RNA demonstrated that the minimal RNA could form
very stable complexes with S4 (Kd   1nM). The bound
and free forms of the 5WJ RNA were more easily sepa-
rated on native gels because this RNA is only 200nt long
(Figure S2b). In direct titrations of 5WJ with S4 protein,
the average Kd was 13 6nM, similar to that for the
50 domain S4 complex (data not shown). However, com-
petitive binding assays with labeled and unlabeled 5WJ
RNAs results in a Kd of 0.72 0.20nM (Figure 4, closed
diamonds), identical to the value of 0.7nM obtained in
nitrocellulose ﬁlter binding assays (31).
The relative aﬃnities of the 16S rRNA and 50 domain in
competition with labeled 5WJ RNAs were Krel = 1.1 0.4
and 2.3 0.4, respectively (Table S2). Therefore, using the
Kd for the 5WJ S4 (0.72nM) from the self-competition
experiments as a reference, we obtain Kd (16S)=0.7nM
and Kd (50 dom) = 1.7nM, again very similar to previous
results. S4 is expected to have fewer opportunities to form
nonspeciﬁc (or non-native) complexes with the smaller
5WJ RNA. This may explain why titrations against the
smaller 5WJ RNA yield lower estimates for the S4 disso-
ciation constants. Direct titrations of the 5WJ RNA also
yielded a higher Kd than competitive binding experiments,
because the former may include contributions from
intermediate complexes. These contribute less signiﬁcantly
to competitive binding because the protein:RNA ratio is
lower than in direct titrations.
DefiningS4-binding site requirements
Since the 5WJ RNA bound S4 strongly and the complex
was well resolved on nondenaturing gels, competitive
binding assays against labeled 5WJ RNA were used to
deﬁne the requirements for S4 binding in more detail.
Variations in the 50 and 30 ends of the RNA substrates
established that an RNA beginning at 16S nt 8 (H1) and
ending at nt 556 bound S4 2-fold better than 5WJ
RNA; others variants, including those containing H1,
were 5–50-fold worse (Table S2).
Next, a series of deletions were made to the 5WJ RNA
to see if any of the ﬁve helices in the S4 recognition site
could be eliminated or truncated (Figure 1i–m). Truncat-
ing H17 between nts 446 and 487 or removing the
530-loop pseudoknot from H18 (Figures 4 and 5a) were
well tolerated, presumably because the deleted residues do
not contact protein S4 directly (15). By contrast, truncat-
ing H16 or deleting H3 or H4 from the 5WJ RNA had
disastrous eﬀects on binding, with G = –3.5kcal/mol
reﬂecting the minimum free energy cost of the deletion to
the stability of the complex (Figure 5a). In general, helices
in direct contact with protein S4at the center of the helical
junction were necessary to form a stable complex, while
nucleotides removed from the junction were dispensable
for strong S4 binding (Figure 5b).
Definingrole ofindividual bases in S4binding
To further deﬁne the sequence requirements for binding,
nucleotides that are universally conserved in prokaryotes
or in direct contact with S4 were mutated (Figure 5c). In
the crystal structure of the T. thermophilus 30S subunit,
S4 directly contacts the base and backbone of nts 404,
406 and 437, and the base of nt 405 (15). Single base
substitutions at these positions in H16 and H17 reduced
binding to the threshold of detection in our competition
assays (G –3.6kcal/mol), reﬂecting the essential roles
played by these nucleotides in S4 binding (Figure 5c).
A509 and A510 are universally conserved in prokaryotes
(37) and adjacent to the 530-loop pseudoknot
in H18. Double mutation of these As to C also abrogated
S4 binding, presumably because they disrupt inter-
actions with the N-terminal domain of S4 (Figure 5d).
Partial digestion with RNase T1 showed that the
A509C, A510C double mutation destabilized the H18
pseudoknot, which could contribute to the loss of
binding, while the mutation at U405C did not change
the secondary structure of the rRNA (data not shown).
Figure 4. Competitive binding of Bst S4 to 5WJ RNA. Representative
plot of competition between
32P-labeled 5WJ RNA and unlabeled
RNAs with 22.5nM Bst S4 in HKM4 buﬀer. Diamonds, WT 5WJ
(Kd=0.72 0.20nM); circles, 5WJ:H17trunc (Krel=4.1 3.3);
squares, 5WJH3 (Krel=360 130).
Nucleic Acids Research,2009, Vol.37, No. 6 1891The destabilizing eﬀects of these point mutations were
independent of whether they were made in the 5WJ or
50 domain RNA (Table S2).
The H18 pseudoknot is universally conserved among
16S genes and required for eﬃcient translation (38).
To test whether the H18 pseudoknot is important for
S4 recognition, base pairing of the pseudoknot was
disrupted by mutating G524 to C and C526 to A
(Figure 5c). While C526A made little diﬀerence to the
stability of the S4 complex with the 5WJ RNA
(G=–0.4kcal/mol), G524C had a more unfavorable
eﬀect (G= 2.3kcal/mol). This diﬀerence in S4 aﬃn-
ity likely relates to the ability of these mutated residues
to base pair with nts 505 and 507, as hydrogen bonding
between A526 and G505 is expected to be more favorable
than hydrogen bonding between C524 and C507. Since
deletion of nts 516–535 in H18 did not aﬀect S4 binding
(Figure 5a), however, the H18 pseudoknot cannot be a
prerequisite for S4 recognition. Rather, its stability is
important only if the potential to form the pseudoknot
exists. These results suggest that the 530-loop can form
an alternative structure in the absence of S4 that is pro-
moted by mutations in H18, and that S4 binding oﬀsets
the energetic cost to correctly folding the wild-type
530-loop.
Tertiary structure ofS4complexes probedby hydroxyl
radical footprinting
Hydroxyl radical footprinting of the rRNA backbone was
used to determine whether the 50 domain and 5WJ RNAs
form the expected tertiary interactions with Bst and Eco
S4at 428C (Figure 6). The results are summarized on the
secondary structure of the 5WJ in Figure 7. In the pres-
ence of Bst or Eco S4, the hydroxyl radical protection
pattern was very similar to that of the Eco 16S–S4 com-
plex at 378C (28). Thus, the 5WJ and 50 domain RNAs are
capable of forming the correct 3D structure in complex
with S4 (Figure 7b and c). The few protections that were
inconsistent with the predicted solvent accessibility of
the 16S rRNA (Figure 7b) could be explained by limited
diﬀusion of hydroxyl radicals 30 of protected regions
(nt 514–516 and 537–538) or an alternate conformation
of an internal loop in H17 that is far from the
S4-binding site (nts 446–448).
The free 50 domain and 5WJ RNAs were almost com-
pletely folded in 20mM MgCl2 (HKM20) (Figure 6, lane 7
in both panels), as seen earlier for the 50 domain RNA
(29). Under these conditions, addition of S4 did not
increase the number of residues protected by RNA–
RNA interactions, although residues buried only by
Figure 5. Sequence requirements for S4 binding. Energetic costs of deletions and point mutations in the 5WJ were obtained from competitive
S4-binding assays against
32P-labeled 5WJ RNA at 428C in HKM4 buﬀer. See Table S2 for further information. (a,b) Deletions in the 5WJ, and
diﬀerences in dissociation free energy (G), relative to the parental 5WJ RNA. (c,d) Base substitutions, as in (a). (b) and (d) Tertiary structure of
5WJ S4 showing the deletions and mutations, colored as in (a) and (c), respectively, with S4 in cyan. Ribbons made with PDB 2AVY (41) using
PyMOL (DeLano Scientiﬁc, www.pymol.org).
1892 Nucleic Acids Research, 2009, Vol. 37,No. 6direct contact with the protein were protected more
strongly in the presence of S4 (Figure 7b and c). In
4mM MgCl2 (HKM4, Figure 6, lane 4 in both panels),
only some of the RNA interactions were stable in the
absence of S4. Under these conditions, many more resi-
dues became protected when the protein was added. These
results demonstrate that S4-binding reactions in HKM4
involve binding and folding of the RNA. Importantly,
the 5WJ RNA alone was more preorganized in 4mM
MgCl2 than the 50 domain RNA (compare blue and
pink circles in Figure 7b and c). The smaller RNA may
take on fewer alternative conformations, explaining why
the 5WJ RNA binds S4 slightly better than the longer
50 domain.
Specific baseinteractions in 5’ domainand 5WJ complexes
The E. coli S4–16S rRNA complex undergoes a conforma-
tional change which changes the accessibility of bases in
H18 to chemical modiﬁcation (11). To further determine
whether minimal RNA substrates form the correct struc-
ture, Eco and Bst S4 complexes were treated with DMS
and kethoxal. Figure 7a shows the region 490–535 in
5WJ S4 complexes, which contains most of the nucleo-
tides modiﬁed by DMS when S4 is present.
Both the 5WJ and the 50 domain RNA showed the
expected base modiﬁcations in the presence of Bst S4
(4mM MgCl2) or Eco S4 (20mM MgCl2), including
the ‘530-loop’ pseudoknot in H18 (Figure 7). The DMS
modiﬁcation pattern also conﬁrmed that the secondary
structures were correctly formed, in agreement with our
RNase T1 results (data not shown). The reactivity of Gs
toward kethoxal was largely consistent with previous
results, although some products were diﬃcult to assign
due to very weak levels of kethoxal modiﬁcation
(Figure 7b and c).
We next tested whether the change in S4-binding aﬃnity
was directly linked to the loss of speciﬁc interactions
between H18 and S4, by probing complexes containing
Figure 6. Hydroxyl radical footprinting on 50 domain and 5WJ RNAs with S4. Representative footprinting gels covering nucleotides 480–544. The
RNAs were probed under diﬀerent buﬀer conditions at 428C (lanes 4–6, HKM4; lanes 7–9, HKM20), with Bst (lanes 5 and 8) and Eco (lanes 6 and
9) S4. UCGA, dideoxy sequence ladders; P, reverse transcriptase pausing control; NT, untreated RNA. The vertical bars next to the lanes represent
regions of protection from hydroxyl radical cleavage. Black bars, RNA–RNA interactions, black circles, S4–RNA interactions.
Nucleic Acids Research,2009, Vol.37, No. 6 1893mutations in the pseudoknot or truncation of H18. The
C526A mutation or truncation of H18, which decreased
relative S4 aﬃnity very little (Table S2), resulted in the
same modiﬁcation pattern as the parental 5WJ RNA
(Table S3). Conversely, the mutation G524C lowered the
binding aﬃnity 40-fold relative to intact 5WJ RNA
(Table S2). In the G524C RNA, residues C524–526 that
participate in the pseudoknot were modiﬁed in the pres-
ence of S4, in stark contrast to the results for every other
RNA examined (Table S4). Thus, the reduction in aﬃnity
arising from modiﬁcations to the H18 pseudoknot are
linked to loss of speciﬁc interactions with S4.
DISCUSSION
Protein S4 plays an important role in the early stages of
30S ribosome assembly, coordinating assembly of the sub-
unit with production of its RNA and protein components
(39). Here, we show that an RNA containing just the ﬁve
helices within the S4-binding site (5WJ) are suﬃcient for
speciﬁc RNA binding. Remarkably, the 200nt 5WJ RNA
binds S4 tightly and with comparable sequence-speciﬁcity
as larger rRNA fragments, making it useful for further
studies on the mechanism of S4–RNA recognition.
Mutagenesis and deletions of bases in H16 and H17
show that these residues make especially important con-
tributions to the thermodynamic stability of the complex.
Deletion of nt 410–432 from helix 16 reduced S4 binding
more than 380-fold, while mutagenesis of nts 405 and 406
made binding undetectable. Sapag et al. (27) found that
deletion of nts 415–432 reduced S4 aﬃnity to 66% of wild
type. This diﬀerence may be due to S4 interactions with
A412 and backbone contacts to G410 and A411 (11,15)
which were eliminated in our H16 truncation. Both H16
truncations ((27); this study) remove multiple backbone
contacts made by S4 to nts 425–430 (15). Taken together,
these results imply that sequence-speciﬁc interactions
between S4 and bases within the rRNA are important
for stable recognition.
A surprising result was that formation of the conserved
H18 pseudoknot was not necessary for S4 binding, as dele-
tion of this region had little eﬀect on S4 aﬃnity. On the
other hand, destabilizing the pseudoknot, by mutating
G524 to C for example, destabilized S4 binding about
40-fold, perhaps by altering the conformation of nts
508–512 that make direct contact with S4 (15). The
double mutation in nucleotides 509 and 510 in the
530-loop also severely disrupted S4 binding. This may be
due to an altered secondary structure in this region (data
not shown).
Interestingly, interactions in helix 16 and 17 that are
critical for the stability of the S4 complex form rapidly,
as judged by time-resolved hydroxyl radical footprinting
(40). By contrast, contacts between S4 and helix 18 satu-
rate more slowly. Thus, interactions that stabilize the spe-
ciﬁc complex to the greatest extent correlate with those
that saturate in the shortest time, supporting the notion
that stable interactions at the center of the binding surface
contribute to initial encounter complexes as well as the
ﬁnal complex.
Consistent with the idea that the structure of the rRNA
is very important for the stability of the S4 complexes,
hydroxyl radical footprinting reactions show that the
5WJ RNA is more structured in 4mM MgCl2 than the
same region in the 50 domain RNA. This advantage may
be due to the absence of helices 6–12, which can misfold in
the absence of S4 and indirectly aﬀect the conformational
stability of the upper 5WJ (29). A more homogenous and
stable conformation of the free RNA may not only
increase the stability of the S4 complex, but also increase
the probability of forming speciﬁc RNA–protein contacts.
Thus, greater preorganization of the 5WJ RNA (and a
higher yield of speciﬁc complex) may explain why compe-
tition experiments against this RNA yield lower estimates
for the binding constant (0.7nM) than experiments with
the 50 domain (5.5nM). The kinetics of S4 dissociation
from the 50 domain RNA is consistent with the presence
of diﬀerent types of S4 complexes (Bellur,D.L. and
Woodson,S.A., in preparation).
In summary, our results provide a new understanding of
how a key ribosomal protein recognizes its rRNA target.
We show that all of the ﬁve helices that contact S4 in the
Figure 7. Structure probing of 50domain and 5WJ RNAs with S4. (a)
Representative sequencing gel showing DMS modiﬁcation of 5WJ S4
complex. The gel is labeled as in Figure 6, and symbols are as described
in the key. (b,c) Summary of hydroxyl radical footprinting and chem-
ical base modiﬁcation on (b) 50domain and (c) 5WJ RNA. Colored
circles indicate backbone protections in HKM4. Colored circles with
black outlines indicate riboses that are in direct contact with S4 [1j5e,
(18); 2i2p, (42)]. Gray symbols, undetermined. Moderate-to-strong pro-
tection (squares) or enhanced base modiﬁcation (triangles) is repre-
sented by closed red symbols. Open red symbols indicate Gs weakly
or inconsistently modiﬁed by kethoxal.
1894 Nucleic Acids Research, 2009, Vol. 37,No. 6ribosome are necessary and suﬃcient for its speciﬁc bind-
ing to the rRNA. Although S4 makes only few direct
contacts with bases in the 16S rRNA, these interactions,
which lie near the center of the protein–RNA interface,
contribute signiﬁcantly to speciﬁc binding. Our results
suggest that the preorganized ﬁve-helix junction is the
likely target for S4 binding during the initial phase of
30S subunit assembly, and that S4 stabilizes the junction
under physiological conditions. Although the H18 pseu-
doknot is not required for S4 binding, S4 also induces a
conformational change in the H18 (‘530-loop’) pseudo-
knot (11).
These conformational changes, which are stabilized or
induced by S4, promote the binding of further proteins
during 30S assembly. S16 interacts with helices 15 and
17 that are part of the ﬁve-helix junction, while S12
binds the opposite face of helix 18. An interesting question
that remains to be addressed is whether S4 must capture
the 16S rRNA in a conformation that can assemble
further, or whether, as suggested by kinetic footprinting
(11,40), the S4–16S rRNA complex reaches its mature
structure via induced ﬁt, that in turn leads to subsequent
assembly steps.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
The authors thank D. Draper for the gift of S4 overexpres-
sion plasmids, P. Ramaswamy, A. Cukras and R. Green
for E. coli S4 protein, and T. Adilakshmi for 16S rRNA.
We also thank D.D., T.A. and P. Fleming for helpful
advice, and M. Koppenol, S. Jackson and R. Moss for
technical assistance.
FUNDING
The National Institutes of Health (GM60809). Funding
for open access charge: National Institutes of Health
(GM60809).
Conﬂict of interest statement. None declared.
REFERENCES
1. Olsson,M.O. and Isaksson,L.A. (1979) Analysis of rpsD mutations
in Escherichia coli. III. Eﬀects of rpsD mutations on expression of
some ribosomal protein genes. Mol. Gen. Genet., 169, 271–278.
2. Yates,J.L., Arfsten,A.E. and Nomura,M. (1980) In vitro expression
of Escherichia coli ribosomal protein genes: autogenous inhibition
of translation. Proc. Natl Acad. Sci. USA, 77, 1837–1841.
3. Deckman,I.C. and Draper,D.E. (1985) Speciﬁc interaction between
ribosomal protein S4 and the alpha operon messenger RNA.
Biochemistry, 24, 7860–7865.
4. Tang,C.K. and Draper,D.E. (1990) Evidence for allosteric coupling
between the ribosome and repressor binding sites of a translation-
ally regulated mRNA. Biochemistry, 29, 4434–4439.
5. Spedding,G. and Draper,D.E. (1993) Allosteric mechanism for
translational repression in the Escherichia coli alpha operon. Proc.
Natl Acad. Sci. USA, 90, 4399–4403.
6. Torres,M., Condon,C., Balada,J.M., Squires,C. and Squires,C.L.
(2001) Ribosomal protein S4 is a transcription factor with proper-
ties remarkably similar to NusA, a protein involved in both non-
ribosomal and ribosomal RNA antitermination. EMBO J., 20,
3811–3820.
7. Nowotny,V. and Nierhaus,K.H. (1988) Assembly of the 30S subunit
from Escherichia coli ribosomes occurs via two assembly domains
which are initiated by S4 and S7. Biochemistry, 27, 7051–7055.
8. Draper,D.E. (1995) Protein-RNA recognition. Annu. Rev. Biochem.,
64, 593–620.
9. Mizushima,S. and Nomura,M. (1970) Assembly mapping of 30S
ribosomal proteins from E. coli. Nature, 226, 1214.
10. Stern,S., Wilson,R.C. and Noller,H.F. (1986) Localization of the
binding site for protein S4 on 16S ribosomal RNA by chemical and
enzymatic probing and primer extension. J. Mol. Biol., 192,
101–110.
11. Powers,T. and Noller,H.F. (1995) A temperature-dependent con-
formational rearrangement in the ribosomal protein S4.16S rRNA
complex. J. Biol. Chem., 270, 1238–1242.
12. Zimmermann,R.A., Muto,A., Fellner,P., Ehresmann,C. and
Branlant,C. (1972) Location of ribosomal protein binding sites on
16S ribosomal RNA. Proc. Natl Acad. Sci. USA, 69, 1282–1286.
13. Greuer,B., Osswald,M., Brimacombe,R. and Stoﬄer,G. (1987)
RNA-protein cross-linking in Escherichia coli 30S ribosomal sub-
units; determination of sites on 16S RNA that are cross-linked to
proteins S3, S4, S7, S9, S10, S11, S17, S18 and S21 by treatment
with bis-(2-chloroethyl)-methylamine. Nucleic Acids Res., 15,
3241–3255.
14. Davies,C., Gerstner,R.B., Draper,D.E., Ramakrishnan,V. and
White,S.W. (1998) The crystal structure of ribosomal protein S4
reveals a two-domain molecule with an extensive RNA-binding
surface: one domain shows structural homology to the ETS DNA-
binding motif. EMBO J., 17, 4545–4558.
15. Brodersen,D.E., Clemons,W.M. Jr., Carter,A.P., Wimberly,B.T.
and Ramakrishnan,V. (2002) Crystal structure of the 30S ribosomal
subunit from Thermus thermophilus: structure of the proteins and
their interactions with 16S RNA. J. Mol. Biol., 316, 725–768.
16. Markus,M.A., Gerstner,R.B., Draper,D.E. and Torchia,D.A. (1998)
The solution structure of ribosomal protein S4 delta41 reveals two
subdomains and a positively charged surface that may interact with
RNA. EMBO J., 17, 4559–4571.
17. Sayers,E.W., Gerstner,R.B., Draper,D.E. and Torchia,D.A. (2000)
Structural preordering in the N-terminal region of ribosomal pro-
tein S4 revealed by heteronuclear NMR spectroscopy. Biochemistry,
39, 13602–13613.
18. Wimberly,B.T., Brodersen,D.E., Clemons,W.M. Jr.,
Morgan-Warren,R.J., Carter,A.P., Vonrhein,C., Hartsch,T. and
Ramakrishnan,V. (2000) Structure of the 30S ribosomal subunit.
Nature, 407, 327–339.
19. Schluenzen,F., Tocilj,A., Zarivach,R., Harms,J., Gluehmann,M.,
Janell,D., Bashan,A., Bartels,H., Agmon,I., Franceschi,F. et al.
(2000) Structure of functionally activated small ribosomal subunit
at 3.3 angstroms resolution. Cell, 102, 615–623.
20. Dragon,F., Payant,C. and Brakier-Gingras,L. (1994) Mutational
and structural analysis of the RNA binding site for Escherichia coli
ribosomal protein S7. J. Mol. Biol., 244, 74–85.
21. Mougel,M., Allmang,C., Eyermann,F., Cachia,C., Ehresmann,B.
and Ehresmann,C. (1993) Minimal 16S rRNA binding site and role
of conserved nucleotides in Escherichia coli ribosomal protein S8
recognition. Eur. J. Biochem., 215, 787–792.
22. Wu,H., Jiang,L. and Zimmermann,R.A. (1994) The binding site for
ribosomal protein S8 in 16S rRNA and spc mRNA from
Escherichia coli: minimum structural requirements and the eﬀects of
single bulged bases on S8-RNA interaction. Nucleic Acids Res., 22,
1687–1695.
23. Batey,R.T. and Williamson,J.R. (1996) Interaction of the Bacillus
stearothermophilus ribosomal protein S15 with 16S rRNA: I.
Deﬁning the minimal RNA site. J. Mol. Biol., 261, 536–549.
24. Ungewickell,E., Garrett,R., Ehresmann,C., Stiegler,P. and
Fellner,P. (1975) An investigation of the 16-S RNA binding sites of
ribosomal proteins S4, S8, S15, and S20 FROM Escherichia coli.
Eur. J. Biochem., 51, 165–180.
25. Zimmermann,R.A., Mackie,G.A., Muto,A., Garrett,R.A.,
Ungewickell,E., Ehresmann,C., Stiegler,P., Ebel,J.P. and Fellner,P.
Nucleic Acids Research,2009, Vol.37, No. 6 1895(1975) Location and characteristics of ribosomal protein binding
sites in the 16S RNA of Escherichia coli. Nucleic Acids Res., 2,
279–302.
26. Vartikar,J.V. and Draper,D.E. (1989) S4-16S ribosomal RNA
complex. Binding constant measurements and speciﬁc recognition of
a 460-nucleotide region. J. Mol. Biol., 209, 221–234.
27. Sapag,A., Vartikar,J.V. and Draper,D.E. (1990) Dissection of the
16S rRNA binding site for ribosomal protein S4. Biochim. Biophys.
Acta, 1050, 34–37.
28. Powers,T. and Noller,H.F. (1995) Hydroxyl radical footprinting of
ribosomal proteins on 16S rRNA. RNA, 1, 194–209.
29. Adilakshmi,T., Ramaswamy,P. and Woodson,S.A. (2005) Protein-
independent folding pathway of the 16S rRNA 50 domain. J. Mol.
Biol., 351, 508–519.
30. Nierhaus,K.H. and Dohme,F. (1974) Total reconstitution of func-
tionally active 50S ribosomal subunits from Escherichia coli. Proc.
Natl Acad. Sci. USA, 71, 4713–4717.
31. Gerstner,R.B., Pak,Y. and Draper,D.E. (2001) Recognition of 16S
rRNA by ribosomal protein S4 from Bacillus stearothermophilus.
Biochemistry, 40, 7165–7173.
32. Culver,G.M. and Noller,H.F. (1999) Eﬃcient reconstitution of
functional Escherichia coli 30S ribosomal subunits from a complete
set of recombinant small subunit ribosomal proteins. RNA, 5,
832–843.
33. Weeks,K.M. and Crothers,D.M. (1991) RNA recognition by Tat-
derived peptides: interaction in the major groove? Cell, 66, 577–588.
34. Fields,D.S. and Stormo,G.D. (1994) Quantitative
DNA sequencing to determine the relative protein-DNA binding
constants to multiple DNA sequences. Anal. Biochem., 219,
230–239.
35. Moazed,D., Stern,S. and Noller,H.F. (1986) Rapid chemical prob-
ing of conformation in 16S ribosomal RNA and 30S ribosomal
subunits using primer extension. J. Mol. Biol., 187, 399–416.
36. Mathews,D.H., Sabina,J., Zuker,M. and Turner,D.H. (1999)
Expanded sequence dependence of thermodynamic parameters
improves prediction of RNA secondary structure. J. Mol. Biol., 288,
911–940.
37. Gutell,R.R. (1996) Comparative sequence analysis and the structure
of 16S and 23S rRNA. In Zimmerman,R.A. and Dahlberg,A.E.
(eds), Ribosomal RNA: Structure, Evolution, Processing, and
Function in Protein Biosynthesis. CRC Press, Boca Raton, FL,
pp. 111–128.
38. Powers,T. and Noller,H.F. (1991) A functional pseudoknot in 16S
ribosomal RNA. EMBO J., 10, 2203–2214.
39. Nierhaus,K.H. (1991) The assembly of prokaryotic ribosomes.
Biochimie, 73, 739–755.
40. Adilakshmi,T., Bellur,D.L. and Woodson,S.A. (2008) Concurrent
nucleation of 16S folding and induced ﬁt in 30S ribosome assembly.
Nature, 455, 1268–1272.
41. Schuwirth,B.S., Borovinskaya,M.A., Hau,C.W., Zhang,W.,
Vila-Sanjurjo,A., Holton,J.M. and Cate,J.H. (2005)
Structures of the bacterial ribosome at 3.5A ˚ resolution. Science,
310, 827–834.
42. Berk,V., Zhang,W., Pai,R.D. and Cate,J.H. (2006) Structural basis
for mRNA and tRNA positioning on the ribosome. Proc. Natl
Acad. Sci. USA, 103, 15830–15834.
1896 Nucleic Acids Research, 2009, Vol. 37,No. 6